Epigenetic modifications can yield information about connections between genotype, phenotype variation and environmental conditions. Bud dormancy release in temperate perennial fruit trees depends on internal and environmental signals such as cold accumulation and photoperiod. Previous investigations have noted the participation of epigenetic mechanisms in the control of this physiological process. We examined whether epigenetic modifications were modulated in MADS-box genes, potential candidates for the regulation of bud dormancy and flowering in sweet cherry (Prunus avium L.). We identified and cloned two MADSbox genes homologous to the already-characterized dormancy regulators DORMANCY-ASSOCIATED MADS-box (DAM3 and DAM5) from Prunus persica (L.) Batsch. Bisulfite sequencing of the identified genes (PavMADS1 and PavMADS2), Methylated DNA Immunoprecipitation and small RNA deep sequencing were performed to analyze the presence of DNA methylations that could be guided by non-coding RNAs in the floral buds exposed to differential chilling hours. The results obtained reveal an increase in the level of DNA methylation and abundance of matching small interference RNAs (siRNAs) in the promoter of PavMADS1 when the chilling requirement is complete. For the first intron and 5′ UTR of PavMADS1, de novo DNA methylation could be associated with the increase in the abundance of 24-nt siRNA matching the promoter area. Also, in the second large intron of PavMADS1, maintenance DNA methylation in all cytosine contexts is associated with the presence of homologous siRNAs in that zone. For PavMADS2, only maintenance methylation was present in the CG context, and no matching siRNAs were detected. Silencing of PavMADS1 and PavMADS2 coincided with an increase in Flowering Locus T expression during dormancy. In conclusion, DNA methylations and siRNAs appear to be involved in the silencing of PavMADS1 during cold accumulation and dormancy release in sweet cherry.
Introduction
Dormancy is an adaptive process that helps temperate perennial plants endure unfavorable environmental conditions during winter. This process is defined as the temporary suspension of visible growth from any plant structure that contains a meristem (Lang 1987) . Cessation of growth, terminal bud set and entry into dormancy occur in early autumn, followed by budbreak in the early spring. As a result, the average life of trees is lengthened, and growth can last several years (Van der Schoot and Rinne 2011). According to Lang (1987) , dormancy can be divided into three stages: paradormancy, ecodormancy and endodormancy. The most critical step is endodormancy, where growth is inhibited by the dormant structure (i.e., the bud). These structures must be exposed to a certain amount of cold temperatures (higher than 4°C and lower than 7°C) to trigger the release of this state (Alburquerque et al. 2008) . This cold requirement is important since it prevents growth in response to transient warm periods during the early spring and therefore prevents frost damage (Van der Schoot and Rinne 2011).
Studying mutant trees is useful for elucidating the molecular mechanism of dormancy in perennial trees. An 'evergrowing (evg)' peach (Prunus persica (L.) Batsch) mutant identified in Mexico has a non-dormant genotype (Rodriguez et al. 1994 ) and does not cease growth or form terminal buds during the dormancy-inducing conditions of autumn. Mapping and sequencing of this mutant has revealed a deletion in the 'evg locus' at linkage group one (LG1), where a group of six MADS-box genes is located. These genes are referred to as the 'DORMANCY-ASSOCIATED MADS-box (DAM)' genes and belong to the 'SVP/StMADS11' lineage (Bielenberg et al. 2008 , Jiménez et al. 2009 ).
In Arabidopsis thaliana, MADS-box transcription factors have been described to activate or repress transcription of target genes by direct interaction with CArG motifs of 10 nucleotides [CC(A/T) 6 GG], located in promoters and 5′ UTR introns (Gregis et al. 2013) . The presence of an intron in the 5′ region of a gene, either in the 5′ UTR or fused to the 5′ portion of the coding region, can enhance the RNA levels (Seoighe et al. 2005 , Chung et al. 2006 . For example, the second largest introns of PpeDAM3 and PpeDAM5 have sizes of 4802 and 4905 bp, respectively (Jiménez et al. 2009 ). Therefore, the large number of 5′ UTRs that contain introns suggests that they might be functionally important.
In A. thaliana, cold accumulation and flowering regulation occur during vernalization, and this mechanism corresponds to a prolonged exposure to cold that makes plants competent to flower (Chouard 1960) . In this model, the MADS-box transcription factor Flowering Locus C (FLC) negatively regulates the expression of the floral activator Flowering Locus T (FT), preventing flowering (Searle et al. 2006 , Gregis et al. 2013 . However, when a plant is exposed to prolonged cold temperatures, the transcription of FLC is stably repressed by epigenetic mechanisms such as histone post-translational modifications (He 2009 ) and the presence of the long non-coding RNAs COLDAIR and COOLAIR (Swiezewski et al. 2009, Heo and Sung 2011) . Furthermore, gene silencing by DNA methylation of two tandem repeats around the transcription start site of the gene coding for the transcription factor Flowering Wageningen (FWA) has been observed during flowering control in Arabidopsis (Soppe et al. 2000) . Similarly, in woody trees, bud dormancy has also been associated with histone post-translational modifications (P. persica) (Leida et al. 2012) , as well as DNA methylations (Castanea sativa Mill.) (Santamaría et al. 2009 ) and small RNAs in peach (Barakat et al. 2012) and Pyrus pyrifolia Burm.f. (Nakai) (Niu et al. 2015) .
In plants, DNA methylation can regulate gene expression, depending on its location (promoter, 5′ UTR, exon, intron, etc.) . This DNA methylation can occur in three different cytosine contexts: CG, CHH or CHG (where H can be C, T or A). De novo methylations can occur by RNA-directed DNA methylation (RdDM) (Wassenegger et al. 1994 , Dunoyer et al. 2004 , Vazquez et al. 2008 , Wu et al. 2010 , where small interference RNAs (21-24 nt; siRNAs) can guide DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) to homologous sequences in the genome (Law and Jacobsen 2010 , Wu et al. 2010 , Matzke et al. 2015 . Other methylation pathways involve MET1 and CMT3 methyltransferases, which can maintain methylation in the CG and CHG contexts, respectively (Finnegan et al. 1996 , Du et al. 2012 . However, our understanding of these mechanisms and their importance in flowering plants remains incomplete. Furthermore, an epigenetic pathway involving DNA methylations and siRNAs has not yet been described in sweet cherry, and similarities or differences relative to model plants remain to be explored.
In sweet cherry (Prunus avium L.), MADS-box genes associated with dormancy have not yet been characterized, and the importance of epigenetic regulation during dormancy remains unknown. In this work, we have identified PavMADS1 and PavMADS2, which are homologous to the peach genes PpeDAM3 and PpeDAM5, respectively. We showed that the expression of these genes decreases during cold accumulation in floral buds and that these decreases correlate with differences in DNA methylation of regulatory sequences and in the accumulation of matching siRNAs. Our results suggest that cold accumulation during winter likely silences MADS-box genes known to be negative floral regulators through epigenetic modifications in sweet cherry, enabling dormancy release.
Materials and methods

Plant material
Floral buds were collected from adult 'Bing' trees, located in the INIA-Rayentué experimental field, Rengo, in the O'Higgins Region of Chile (34°19′ 17′ S; 70°50′ 4.2′ W). Buds with different chilling hour (CH) accumulation were sampled weekly from early autumn in April 2013 to early spring in September 2014. Samples were always collected in the morning, immediately frozen in liquid nitrogen and stored at −80°C until further use.
From June until the chilling requirement (CR) was fulfilled, 15 cuttings~30 cm in length and containing around four to six clusters of floral buds were randomly collected from three individual trees weekly. Each cutting was rehydrated by re-cutting its basal end under water and was incubated at 25°C in a greenhouse with light/dark photoperiod of 16/8 h until the time of budbreak (Leida et al. 2012 , Castede et al. 2014 ).
Chilling requirement determination
The necessary CR for budbreak in the field was calculated with use of the CHs model (1 CH: 1 hour at <7.2°C) (Weinberger 1950) . Meteorological data for CH calculation were obtained from the 'Red Agroclimática Nacional INIA-FDF (Fundación para el Desarrollo Frutícola)' Station located in the experimental field.
Tree Physiology Volume 37, 2017 'Bing' cuttings sampled weekly during winter 2014 were placed in water under favorable conditions (25°C and 16/8 h light/ dark photoperiod). After 14 days in the greenhouse, the phenological state of the floral buds was analyzed. Their CR was determined to be complete when at least 50% of the buds began to show sepals during the B stage of Baggiolini (Figure 1c ) (Alburquerque et al. 2008 ).
Partial P. avium genome assembly and MADS-box candidate genes prediction Partial P. avium genome assembly The data were generated from a high-throughput sequencing of sweet cherry 'Karina' (PRJNA339852). TruSeq DNA and Nextera Mate-Pair libraries were sequenced using a HiSeq 2500 Sequencer (Illumina, San Diego, CA, USA), followed by de novo assembly with the ABySS pipeline. First, reads were filtered, and ABySS was used according to the 'abyss-pe' instructions for all the libraries. Subsequently, the gaps were closed using SOAPdenovo GapCloser to obtain the scaffolds and contigs (see Table S1 available as Supplementary Data at Tree Physiology Online). The obtained contigs were mapped using P. persica reference genome for later use.
Candidate gene prediction The MADS-box genes sequences were obtained from published data for peach (Bielenberg et al. 2008) and from the Phytozome database (www.phytozome. net). Orthologous sweet cherry sequences were obtained by a local BLASTn search using the peach MADS-box sequences as a query and the 'Karina' genome as a reference with an e-value threshold of 10 −8
. To evaluate results obtained from previous work, a phylogenetic tree with a bootstrap value of 100 was constructed using the amino acidic sequences of MADS-box proteins from A. thaliana, Prunus mume (Siebold) Siebold & Zucc., P. persica and Malus domestica Borkh. A neighbor join method was used with Geneious Pro 4.5.8 (http://www.geneious.com) and sequences were retrieved from UniProt (see Table S2 available as Supplementary Data at Tree Physiology Online).
The coding sequence of FT in sweet cherry had been obtained from published data (GenBank KX644935, Yarur et al. 2016) . Finally, the genes with higher homology to the DRM2 (AT5G14620) gene characterized in A. thaliana were selected in the peach genome using BLASTP. Next, PavDRM2.1 (Prupe.8G038800), PavDRM2.2 (Prupe.3G287400) and PavDRM2.3 (Ppa021038) were used as query to search for the sweet cherry sequences with BLASTn.
DNA methylation analysis
Bisulfite treatment for subsequent methylation analysis was performed to analyze the first and second intron of PavMADS1 and PavMADS2, respectively. Genomic DNA (gDNA) from floral buds was extracted using DNeasy Plant mini kit (QIAGEN, Germantown, MD, USA) according to manufacturer's instructions. DNA integrity was assessed in a 1.5% (p/v) agarose gel, and DNA concentration was determined in an Epoch spectrophotometer (Biotek, Winooski, VT, USA).
gDNA was treated with sodium bisulfite using the EZ DNA methylation-gold kit (Zymo, Irvine, CA, USA) according to the manufacturer's instructions with a few modifications. The incubation time with bisulfite involved (i) DNA denaturation at 95°C for 5 min, incubation at 60°C for 25 min, 95°C for 5 min to maintain denatured DNA, 60°C for 85 min, 95°C for 5 min and 60°C for 175 min, and then (ii) the final elution volume was increased to 20 μl. The analyzed sequence of PavMADS1 and PavMADS2 was amplified using 1.5 μl of treated gDNA, 1 μl of specific primers (see Table S3 available as Supplementary Data at Tree Physiology Online), 2 μl of 10× PCR buffer, 0.4 μl of 10 mM dNTP (final concentration of 0.2 mM each), 0.8 μl of 50 mM Tree Physiology Online at http://www.treephys.oxfordjournals.org
MgCl 2 (final concentration of 1.5 mM), 2 U of Platinum Hot Start Taq polymerase (Invitrogen, Waltham, MA, USA) and nucleasefree water up to a final volume of 20 μl.
The PCR program was (i) 95°C for 2 min, 35 cycles of (ii) 95°C for 30 s, annealing for 30 s and 72°C for 1 min, followed by (iii) 72°C for 10 min. The PCR product was then cloned into pGEM ® -T vector (Promega, Madison, WI, USA) according to the manufacturer's instructions, and eight clones were sequenced by the Sanger method by Macrogen, Seoul, Korea. The obtained sequences were analyzed through Kismeth (http://katahdin. mssm.edu/kismeth/revpage.pl). We used the mitochondrial ATP1 (ATPase SUBUNIT 1) gene as a negative control (unmethylated DNA) (Wang et al. 2011) , and methylated pUC19 DNA (Zymo) was used as a positive control.
We performed DNA methylation analysis of the promoter region of PavMADS1 using MeDIP according to the methodology of Borgel et al. (2012) . Total DNA was extracted from the floral buds, and we sonicated 300 ng into 200-1000 bp fragments. The sonicated DNA was denaturated at 95°C for 10 min and immediately left on ice. The DNA was incubated with 15 μl of 10× IP buffer (100 mM Na-phosphate pH 7.0, 1.4 M NaCl, 0.5% Triton X-100) and immunoprecipitated overnight at 4°C with 1 mg ml
Cambridge, MA, USA) and an anti-IgG antibody (Merck, Kenilworth, NJ, USA) as a negative control. Dynabeads M-280 (Thermo Fisher Scientific, Waltham, MA, USA) were washed twice for 5 min with 500 μl of 0.05% PBS-BSA buffer and recovered with a magnetic rack DynaMag-2 (Thermo Fisher Scientific).
Immunocomplexes were incubated for 2 h at 4°C with the Dynabeads and recovered later with the DynaMag-2. The samples were washed three times with 700 μl of IP buffer 1× for 10 min at room temperature with vortexing. We collected the beads and resuspended them in 250 μl of proteinase K buffer (50 mM Tris pH 8.0, 10 mM EDTA, 0.5% SDS) and incubated them with 5 μl of proteinase K (10 mg ml
) for 30 min at 50°C. The DNA was then washed with one volume of Chloroform:Isoamyl alcohol (24:1) and phenol (Invitrogen). Finally, the DNA was precipitated with 2.5 volumes of ethanol 100%, 3 M NaAc pH 7.0 and glycogen (20 mg ml −1 ) overnight at −20°C. The pellet was recovered with a centrifugation at maximum speed for 40 min at 4°C and washed with 500 μl of ethanol 70% followed by centrifugation at 4°C for 20 min. The DNA was resuspended in 10 μl of water and used for quantitative PCR (qPCR) analysis with three biological and technical replicates; we used the total input as the reference. Comparison between the different conditions was performed using a Tukey test (P < 0.05).
RNA isolation and small RNA library preparation and sequencing
Total RNA from 100 mg of floral buds was obtained using a mortar and pestle along with PureLink ® Plant RNA Reagent following the manufacturer's instructions (Thermo Fisher Scientific). RNA purity was assessed by measuring absorbance ratios at 260/280 nm with a threshold of 1.8-2.0 using an Epoch spectrophotometer (Biotek 
Bioinformatic analysis for siRNA
Adapters were removed from total reads, and the size range selected was 21-24 nt. Filtered reads were mapped using Bowtie and the sweet cherry 'Karina' draft genome (PRJNA339852), and previously sequenced PavMADS1 data available at NCBI (EU196363.1) were used as a reference. Reads with mismatches within the first 10 nt located in the 3′ and 5′ ends were used for mapping. The read alignment was visualized with Integrative Genomics Viewer. The mapped siRNA in the promoter and introns of PavMADS1 were classified by size and graphed according to the number of reads. Comparison of number of siRNA species matching the determined region within a time point and across time was tested using a Tukey test (P < 0.05).
Reverse transcription and quantitative real-time PCR
Transcript levels were analyzed by qPCR, for which 1 μg of total RNA was treated with DNase I (Thermo Fischer Scientific) to eliminate gDNA contamination. For complementary DNA synthesis, the Superscript II RT system (Invitrogen) was used according to the manufacturer's instructions. Levels of transcripts were quantified for PavMADS1, PavMADS2, PavFT, PavDRM2.1, PavDRM2.2 and PavDRM2.3 in floral buds with different CHs. Every reaction was performed on an Eco system (Illumina) with Evagreen mix (Biotium, Fremont, CA, USA) and specific primers (see Table S3 available as Supplementary Data at Tree Physiology Online). Three biological replicates and three technical replicates were used for each gene, and β-actin was used as a control (Wang et al. 2011 ). The PCR program was (i) enzyme activation at 95°C for 10 min, with 40 cycles of (ii) 95°C for 15 s, annealing for 15 s, and 72°C for 15 s. After every PCR, a melting curve Tree Physiology Volume 37, 2017 was generated from 56 to 94°C. Each PCR product was analyzed on 1.5% agarose gel stained with GelRed (Biotium). Finally, the data were analyzed with GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA), and standard error was used for the biological and technical replicates.
Results
Dormancy and CR for the sweet cherry 'Bing' cultivar
The physiological stages for dormancy and flowering of sweet cherry were determined under field conditions in 2013 and 2014 for the 'Bing' cultivar. Figure 1 shows paradormancy (Figure 1a) , endodormancy (Figure 1b) , buds with green sepals in Baggiolini B stage (Figure 1c) , buds in advanced Baggiolini C stage (Figure 1d ) and flowering (Figure 1e and f) . The corresponding field temperatures generating these conditions are shown in Figure 1g .
Cuttings obtained from the field at the end of autumn were paced in a greenhouse for budbreak analysis. The greenhouse conditions to induce budbreak correspond to 25°C and 16/8 h day/night. In this case, budbreak is determined when 50% of flower buds are in Baggiolini B stage, which is considered to be the minimum CR for normal flowering. Budbreak in the greenhouse was attained within 14 days, and the estimated cold accumulation was 909 CH (see Table S4 available as Supplementary Data at Tree Physiology Online).
Phylogenetic analysis and relative expression of PavMADS1 and PavMADS2 during CH accumulation
Previous peach studies have demonstrated that the DAM1-6 genes are directly involved in the maintenance and release of bud dormancy (Rodriguez et al. 1994 , Bielenberg et al. 2008 , Li et al. 2009 , Jiménez et al. 2010 , Leida et al. 2012 , Zhebentyayeva et al. 2014 . Based on reference information from the P. persica genome, the sweet cherry MADS1 and MADS2 were identified and compared with the P. mume, P. persica and M. domestica MADSbox genes (Figure 2 ). PavMADS1 is clustered with PmuDAM3 and PpeDAM3, and PavMADS2 with PmuDAM5 and PpeDAM5.
Determinations of mRNA levels for these Coding DNA Sequences (CDSs) are shown in Figure 3 ; the levels exhibited a gradual decrease for PavMADS1 in floral buds from 300 CH until 1119 CH. In the case of the PavMADS2 mRNA level, a peak was observed at 100 CH followed by a strong decrease until 1119 CH. The expression level of PavFT also increased constantly with CH accumulation up to a peak at 1000 CH. These values are consistent with a fulfilled CR at 909 CH. A strong decrease in PavFT mRNA level was also observed at 1119 CH, which was coincident with budbreak in the field.
siRNAs and DNA methylations in the promoter region of PavMADS1
We carried out massive sequencing for the siRNA analysis. After filtering and processing, we detected the accumulation of 21-to 24-nt species homologous to the locus of PavMADS1 at 0, 853 and 909 CH (see Figure S1 available as Supplementary Data at Tree Physiology Online and Figure 4 ). For the promoter region, no significant differences were detected in 21-, 22-or 23-nt molecule abundance for any of the conditions (Figure 4 ). On the other hand, 24-nt species exhibited a significant increase in abundance at~909 CH (Figure 4) .
In order to correlate matching siRNA abundance with possible methylations in the promoter region, we performed methylated DNA immunoprecipitation (MeDIP) . We used MeDIP to analyze the promoter region of PavMADS1 at 0, 853 and 909 CH (Figure 4c ). We detected high levels of DNA methylation in all of the conditions. However, we observed the highest levels at 909 CH, coincident with an increase in matching 24-nt species abundance in that zone.
De novo DNA methylations on the first intron of PavMADS1 during chilling accumulation
To determine whether PavMADS1 5′ UTR intron presented epigenetic modifications during dormancy in sweet cherry floral buds, we analyzed the presence of matching siRNAs and DNA methylations ( Figure 5 ). No significant siRNAs homologous to the zone of analysis were found (see Figure S2 available as Supplementary Data at Tree Physiology Online). For the bisulfite experiments, we used DNA from floral buds with different CH Figure 2 . Phylogenetic analysis of MADS-box genes from sweet cherry, peach, Japanese apricot, Arabidopsis and apple. The amino acidic sequence of the MADS-box proteins was retrieved from UniProt and compared using a neighbor-joining method.
Tree Physiology Online at http://www.treephys.oxfordjournals.org accumulated in the field (from 0 CH to flowering). As shown in Figure 5b , a 321-bp region that covered part of the first intron and the 5′ UTR region of the PavMADS1 gene revealed that DNA methylation in all cytosine contexts (CG, CHG, CHH) increased to 37% at 888 CH compared with previous conditions. Later, at 993 CH, the same methylations were still present, although at a lower level (13%). Finally, we did not detect DNA methylation at this region at the flowering stage. We used the PavATP1 (ATPase SUBUNIT 1) mitochondrial gene as a negative control (no methylation present) (see Figure S3 available as Supplementary Data at Tree Physiology Online).
Maintenance of DNA methylation and siRNA on the second large intron of PavMADS1
We also analyzed a 287-bp region within the second large intron of PavMADS1 to search for possible regulation in transcription ( Figure 6 ). We found that the abundance of 21-, 22-and 23-nt species was constant with chilling accumulation (0, 853 and 909 CH); however, the abundance of 24-nt molecules changed significantly and attained a maximum at 909 CH ( Figure 6 ). In this region, DNA methylations were present in all of the studied conditions (0, 290, 888, 993 and 1119 CH) and flowering (Figure 6c ). As observed previously for intron 1, these methylations also occurred in all cytosine contexts and coincided with the occurrence of 21-to 24-nt siRNAs homologous to that zone. We also observe that some 24-nt siRNAs match with a GAGA element present in this region (Figure 6a ). This repetitive element was predicted with 0-3 mismatches regarding Arabidopsis, soybean and rice using the Plant Promoter database (PlantProm and Softberry). Additionally, we observed an increase in H3K27me3 histone post-translational modification at this region when the CR was fulfilled (see Figure S4 available as Supplementary Data at Tree Physiology Online). We also evaluated trimethylation of lysine 4 (H3K4me3) for this region but it remained constant during chilling accumulation (see Figure S4 available as Supplementary Data at Tree Physiology Online).
DNA methylations on the first and second introns of PavMADS2
Bisulfite sequencing of the 5′ UTR intron and second large intron of PavMADS2 revealed that methylations were not present in the 5′ UTR intron in any of the analyzed conditions (see Figure S5 available as Supplementary Data at Tree Physiology Online). In contrast, methylations occurred in all cytosine contexts in the second large intron of PavMADS2 (Figure 7 ), but mostly in the CG context. This modification was also maintained over time, except for flowering (Figure 7 ). No siRNAs with homology sequence to this region were found (data not shown).
Relative abundance of PavDRM2 during chilling accumulation
DRM2 is a methyltransferase involved in de novo methylations in all cytosine contexts by RdDM, as described previously in Arabidopsis (Cao and Jacobsen 2002) . In order to evaluate if RdDM occurs during dormancy, we studied the relative levels of the DRM2 methyltransferase. We found three putative copies of DRM2 (PavDRM2.1, PavDRM2.2 and PavDRM2.3) that shared homology with the characterized DRM2 of Arabidopsis (Cao and Jacobsen 2002) . We analyzed the relative mRNA level for each PavDRM2 in floral buds during the dormancy period (Figure 8 ). We found that the PavDRM2.1 and PavDRM2.3 relative gene expression increased with chilling accumulation and that the PavDRM2.2 expression remained constant over the same period.
Discussion
We observed that sweet cherry PavMADS1 and PavMADS2 expression is inversely correlated with PavFT during endodormancy. These genes, PavMADS1 and PavMADS2, were homologous to the PpeDAM3 and PpeDAM5 genes, respectively (Figure 2) . Furthermore, PavMADS1 and PavMADS2 are potential candidate genes for regulating dormancy in sweet cherry, like their orthologs in peach (Bielenberg et al. 2008 , Li et al. 2009 , Jiménez et al. 2010 . Evidence suggests the involvement Tree Physiology Online at http://www.treephys.oxfordjournals.org of MADS-box proteins in the maintenance and release of floral bud dormancy in fruit trees in the Rosaceae family. The evg peach mutant possesses a non-dormant genotype due to the deletion of six MADS-box transcription factors (PpeDAM1-6) (Rodriguez et al. 1994 , Bielenberg et al. 2008 . Additionally, Quantitative Trait Loci (QTL) analysis revealed that PpeDAM5 and PpeDAM6 co-localize for CR and Bloom Date (BD) QTLs (Fan et al. 2010 , Zhebentyayeva et al. 2014 . Recently, synteny analysis in sweet cherry using the peach genome draft (Verde et al. 2013 ) enabled in silico mapping of candidate genes that were not yet genetically mapped (Castede et al. 2015) . With this methodology, DAM5 and DAM6 were located at LG1 within the QTL for the flowering date, explaining 8% of the variation for this trait (Castede et al. 2015) . The expression of PavMADS1 decreased slightly during endodormancy, and PavMADS2 was expressed at higher levels than PavMADS1 and was strongly silenced during CH accumulation. These results are similar to those of Jimenez et al. (2010) in peach, in which PpeDAM3/5 mRNA levels decreased in floral buds when CH increased during endodormancy. The same behavior has also been reported in pear (P. pyrifolia) (Sasaki et al. 2011) and Japanese apricot (P. mume) (Saito et al. 2013 ), suggesting a similar regulation of these genes across the Rosaceae family. Our results, along with the QTL for flowering date described by Castede et al. (2015) , support the hypothesis that the PavMADS1 and PavMADS2 (putative orthologs of PpeDAM3 and PpeDAM5, respectively) genes regulate the BD and CR in sweet cherry. It is not clear if these genes are functionally redundant or if they have different affinities or activity intensity. As MADS-box proteins, they belong to the MIKC-type proteins, which can bind to DNA as dimers or higher complexes due to the K domain involved in protein-protein interaction (Yang and Jack 2004 , Kaufmann et al. 2005 , Jiménez et al. 2009 ), so we can expect that different homo/heterodimers combination could differentially modulate dormancy.
Furthermore, the relative expression of FT, a gene that promotes flowering, increases with CH accumulation until budbreak in the field (1142 CH) (Figure 3 ). Previous reports in Arabidopsis, leafy spurge (Euphorbia esula) and pear determined that direct binding of the orthologous MADS-box proteins occurs in a CArG regulatory element present in the promoter and first intron of FT (Lee et al. 2007 , Gregis et al. 2013 , Hao et al. 2015 , Niu et al. 2015 . This CArG element was also found in the promoter region of PavFT in sweet cherry, which would allow regulation by MADS-box proteins. The results of PavFT expression revealed a profile that is completely opposite that of PavMADS1/ 2. This finding could indicate a negative regulation of PavMADS1/ 2 over PavFT during bud dormancy and therefore over flowering.
We observed that an increase in DNA methylation and siRNAs abundance coincides to the silencing of the PavMADS1 gene during dormancy. Our approach of massive sequencing led to the visualization of 21-to 24-nt siRNA species generated in floral buds at 0, 853 and 909 CH, the moment when the CR is fulfilled (see Table S4 available as Supplementary Data at Tree Physiology Online). In plants, small RNAs of 21-24 nt have been reported as being involved in multiple gene-silencing pathways (Hardcastle and Lewsey 2016) .
Our results revealed that only 24-nt siRNA species matching the studied region of the promoter of PavMADS1 gene increased at 909 CH, consistent with a hypermethylation event occurring in the same region of the promoter (see Figure S1 available as Supplementary Data at Tree Physiology Online and Figure 4 ). In A. thaliana, the RdDM pathway initiates when 21-to 24-nt siRNAs are generated from different precursors by the DICER-LIKE (DCL) family. Finally, longer 24-nt variants complex to ARGONAUTE (AGO) proteins to guide DRM1 and DRM2 to methylate cytosines on CG and non-CG contexts via the RNA polymerase IV (PolIV)-dependent pathway (Hardcastle and Lewsey 2016) . Tree Physiology Online at http://www.treephys.oxfordjournals.org During sweet cherry floral bud dormancy, the relative expression of PavDRM2.1 and PavDRM2.3 increases with chilling accumulation (Figure 8 ), suggesting that RdDM could be participating in dormancy regulation. DNA methylation in promoter regions generally causes transcriptional gene silencing (Jones 2012) . Therefore, our results at the promoter level indicate that the RdDM pathway might be contributing to the silencing of PavMADS1 during floral bud dormancy since the CR is fulfilled.
The impact of DNA methylation within the gene body is less clear than within promoters (Jones 2012) . Introns within the 5′ UTR can modify the expression level of their host gene by harboring cis regulatory elements (Chorev and Carmel 2012) . The significant differences between introns located in the 5′ UTR compared with introns within the CDS may be due to their different role in regulating gene transcription and translation, as observed in EF1α-A3 and ZIF2 from A. thaliana. In this case, the presence of an intron within the 5′ UTR enhanced gene expression (Chung et al. 2006 , Remy et al. 2014 .
In our work, we evaluated the DNA methylation of PavMADS1 introns 1 and 2 (Figures 5 and 6 ). For the first intron within the 5′ UTR of PavMADS1, we observed de novo methylation (i.e., methylations that are not maintained over time and appeared in certain conditions) in every cytosine context (CG, CHG and CHH) when the CR was fulfilled (888 and 993 CH). Despite the increase in cytosine methylation at 888 CH, we did not detect any matching siRNAs to this specific region ( Figure 5 ). In our study, the increase of methylation could have been mediated by the hypermethylation of the promoter upstream and an increase of 24-nt siRNA matching this region (Figure 4a and b) . According to this, recent studies in Arabidopsis have revealed that hypermethylated regions might induce the methylation of neighboring regions (Daxinger et al. 2009 , Greaves et al. 2016 , Schalk et al. 2016 .
Once the CR was fulfilled, we observed demethylation at the PavMADS1 first intron. Demethylation of this region coincides with re-activation of growing and cell division at budbreak and flowering (Figure 1c ). This demethylation might be associated with the action of demethylases or a lack of maintenance of asymmetrical CHG and CHH methylation contexts during cell division. It is known that the symmetric CG methylation context can be retained during cell division by MET1 (Law and Jacobsen 2010) ; asymmetrical contexts require the presence of siRNAs or specific histone post-translational modifications to guide specific methyltransferases (Henderson and Jacobsen 2008) . In our work, we did not detect any matching siRNA for this region at any of the time points we analyzed (data not shown). Therefore, methylation and demethylation events can keep the plant epigenome plastic so it can respond efficiently to environmental challenges (Zhu 2009 ), such as those that occur during different seasons.
The study of large introns is also important because the size of an intron can have negative effects on gene expression, such as delaying mature transcript production, increasing pre-mRNA length and increasing the energy required to produce a mature transcript (Barrett et al. 2012) . The 5′ proximal introns can be significantly longer than more distal ones, which implies that the large size of these introns reflects more cis regulatory elements that could be related to transcription initiation (Chorev and Carmel 2012) . In our case, the 4555-bp PavMADS1 second intron was a zone of interest. As Figure 6 shows, the methylations in every cytosine context were always present (varying from 8 to 18%), independent of CH accumulation. Furthermore, in the area analyzed, siRNA were being generated from a 34-nt GAGA repetitive element (GAGA binding protein motif).
Protein-binding GAGA motifs like those from the Trithorax group were first identified in Drosophila and antagonize the function of the PRC2 complex (Polycomb Repressive Complex 2) in plants (He et al. 2013 ). These proteins are responsible for histone post-translational modifications related to gene activation like dimethylation and trimethylation of histone H3 lysine 4 (H3K4me2/3) and H3K36me2/3, in contrast to the repressive marks of Polycomb group proteins (He et al. 2013) . For PavMADS1, the levels of H3K4me3 in this GAGA element are not significantly affected by chilling accumulation. As a result, the possible interaction with the 'Trithorax-like' proteins remains unclear. On the other hand, FERTILIZATION INDEPENDENT ENDOSPERM, which is a component of the PRC2 complex (responsible for H3K27me3 deposition) and its binding sites within gene bodies in Arabidopsis, is strongly related to sequence motifs including putative GAGA factor binding sites (Deng et al. 2013 ). This motif may play a role in strengthening the recruitment of the PRC2 complex to target genes. For PavMADS1, deposition of H3K27me3 in this region increases with chilling accumulation (see Figure S4 available as Supplementary Data at Tree Physiology online). Previous reports in peach (Leida et al. 2012 , De la Fuente et al. 2015 have shown that the presence of H3K27me3 increases with chilling accumulation in the PpeDAM6 gene. In non-dormant buds, these levels are also higher in the MADS-box genes. In a similar way, H3K27me3 could be regulating the stable repression of MADSbox genes in sweet cherry together with DNA methylations and siRNAs. Furthermore, the presence of 21-to 23-nt siRNAs and DNA methylations in this region is constant during chilling accumulation, in contrast to a decrease in PavMADS1 expression. It is possible that these methylations and siRNAs act as a basal or initial regulator to mediate a more stable repression by histone post-translational modifications. In Arabidopsis, loci associated with the presence of siRNAs and methylations in all cytosine contexts overlap with H3K27me3, a mark that is associated with gene repression (Hardcastle and Lewsey 2016) . Another study of the SUPPRESSOR OF DRM1 DRM2 CMT3 (AtSDC) gene in Arabidopsis revealed that its promoter contained seven direct repeats that generated siRNA and recruited DNA methylation (Henderson and Jacobsen 2008) . DNA methylation at the AtSDC gene occurs in all cytosine contexts and is redundantly dependent upon DRM2 and CMT3, which are recruited by siRNA and histone methylation, respectively (Henderson and Jacobsen 2008) .
In the case of the MADS-box gene PavMADS2, no methylation was observed in the intron within the 5′ UTR (see Figure S5 available as Supplementary Data at Tree Physiology online), and the second large intron showed no matching siRNA allocation (data not shown). Nevertheless, DNA methylations were found in CG contexts (Figure 7 ), suggesting that a CG methyltransferase such as MET1 could be participating during dormancy in sweet cherry, as has been found in peach (Giannino et al. 2003) . The levels of methylations in PavMADS2 are not related to the transcript levels (Figure 3 ), indicating that other pathways are implicated in the silencing of PavMADS2 expression.
Taken together, our results indicate that PavMADS1 and PavMADS2 are interesting candidates for negatively regulating PavFT expression and flowering and playing a key role in regulating the release of endodormancy in sweet cherry. Our findings also highlight the implication of siRNAs and epigenetic mechanisms such as DNA methylation and histone modifications in the regulation of PavMADS1 expression in sweet cherry floral buds, which display dynamic changes as the CR is achieved. DNA methylation and 24-nt siRNAs that increase with chilling accumulation could initially maintain a lower level of PavMADS1 expression during dormancy, followed by the deposition of H3K27me3 for a stable repression in a non-dormant state, likely through a PRC2-like complex. In contrast, the absence of siRNAs and lower methylation levels in PavMADS2 may result in a slightly higher gene expression during endodormancy, indicating the participation of other pathways in its regulation.
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